Organic nitrates in both gas and condensed (aerosol) phases were measured during the Uintah 18
Discussion 23

Aerosol composition inferred from observations 24
The inorganic components observed in aerosol at UBWOS consist of mineral dust, salts and 25 elemental carbon. Since pΣAN data represent condensed phase organic nitrooxy groups, the 26 strong correlation of pΣANs concentration with PM 0.5 volume is suggestive of the existence of 27 both a significant organic component and a persistent nitrooxy functionality in this size range. 28 7 Complementary evidence for this observation is obtained by correlating the concentration of 1 aerosol Ca 2+ , typically found in minerals, with the total aerosol volume at diameters between 500 2 nm and 2.5 µm. The resulting high correlation (R 2 = 0.78) is in contrast to the one obtained for 3
Ca
2+ with the PM 0.5 volume (R 2 = 0.03), again lending support to the assumption that the organic 4 particles dominate the particle size range under 500 nm while inorganic components dominate the 5 size range from 500 nm to 2.5µm. 6 7 To obtain a quantitative estimate of organic/inorganic mass in PM 2. 5 , linear decomposition of 8 aerosol specific volume was used (Appendix A). The specific volume was calculated as the ratio 9 of PM 2.5 aerosol volume measured by SMPS and APS divided by PM 2.5 aerosol mass from 10 impactor filter samples. The use of filter data limits the number of independent estimations to 2 11 values daily, one during the day and one during the night. This method assumes that inorganic 12 and organic components have distinctive values in density, and they form external mixture in the 13 aerosol phase. The resulting equation relating the observed PM 2.5 specific volume ( ) to aerosol 14 organic nitrate group mass fraction ( !"!! ) is shown in Eq. (1). 15
(1) 16 !"# and !"#$ represent the specific volume of aerosol organic and inorganic components, 17 respectively, while γ is the mass ratio of the non-nitrate-containing organics to the organic nitrate 18 group. Note here that the pΣAN measurement is insensitive to inorganic nitrate ions and allowed 19 us to use it as an unambiguous tracer for organic components in the aerosol phase. Eq. (1) 20 predicts a linear relationship between the aerosol specific volume and organic nitrate mass 21 fraction given that organic nitrates represent a constant fraction in the organic mass, a condition 22 satisfied as demonstrated in Fig. 4 . 23 
24
The y intercept of a plot of aerosol specific volume versus organic nitrate mass fraction gives the 25 specific volume of the inorganic component directly. We obtained a value of 0.168 cm 3 -3 . The sum of PILS ions can at times account for 9 up to 50% of PM 2.5 mass. The adjusted aerosol volume and mass after the subtraction of salt 10 component is then analyzed using the same technique as above to extract a heavy and a light 11 component. The R 2 value of 0.6 for the correlation of specific volume to organic nitrate mass 12 fraction is identical to the correlation presented above. A γ value of 9.6 is derived from this 13 analysis 14
15
We can now constrain the molecular formula of particulate organic components using this 95% confidence interval, we estimate the uncertainty of the γ value to be ±17%, given an organic 27 matter density of 0.85 g cm -3 . We point out that the large uncertainty in the y-intercept does not 28 contribute significantly to the uncertainty of the result because the difference in specific volume 29 is dominated by the organic component. Propagating this range gives C:H:O:N ratio between 1 28:57:9:1 and 40:81:11:1. Note that although the estimated carbon number appears to be high 2 relative to the implied carbon number for organic aerosol generated from the Deepwater Horizon 3 plume (de Gouw et al., 2011), our estimate is relative to the organic nitrate functional group in 4 the aerosol phase. The implication is that not all organics responsible for organic aerosol 5 formation during UBWOS contained organic nitrate groups. 6 7
Daytime production 8
In the following section we attempt to close the daytime pΣAN budget using gas phase oxidation 9 of aliphatic molecules followed by partitioning of oxidation products into aerosol phase. 
The largest alkane reported during UBWOS 2012 was undecane (C 11 H 24 ). We extrapolate the OH 1 reactivity of larger alkanes using a power law, by fitting a linear relationship (R 2 = 0.99) to the 2 observed C 9 ~ C 11 alkane reactivity in the log space. This approximation combines the decay in 3 gas phase concentration due to reduction in vapor pressure and the increase in alkane OH 4 reactivity with alkane size to generate a complete set of alkane consumption rates due to OH 5 reactions. We then estimate the properties of the OH oxidation products from alkanes using a 6 simplified scheme of 3 species for each carbon number group: an alkyl nitrate, a hydroxy nitrate 7 and a hydroxy carbonyl, with branching ratios of α, (1 − α) α and (1 − α) 2 , respectively as 8 detailed in Appendix B. The absolute contribution of each type of oxidation product to aerosol 9 formation is therefore the individual formation rate weighted by K p . The total aerosol yield 10 attributable to this mechanism is obtained by summing the yield over all carbon number groups 11 above C 6 The result obtained above only utilizes the alkane composition data. Independently, the total 1 production rate of pΣAN can be calculated using time series of the measured pΣAN 2 concentration, by solving the mass balance equation (Eq. (3)). 3
Briefly, the total production rate of pΣAN (p(pΣAN)) is the rate of change of pΣAN concentration 5 plus the loss rate. The loss is represented as a first order process with a loss rate constant k mix (s -1 ) 6 which can be estimated using the known production rate and concentration of n-propyl nitrate as 7 a tracer (Lee et al., 2014) . Turbulent mixing out of the basin was the dominant driver of k mix . The 8 inferred production rate during the same daytime period as the above analysis is 3.6 ppt hour -1 , 9 nearly identical to the estimate using alkane composition. It is noted that by assuming the same 10 loss characteristics as n-propyl nitrate, the effect of dry deposition is likely underestimated. 11
Alternatively, the pΣAN formation rate calculated using loss characteristics of HNO 3 yields a 12 daytime production rate that is 21% higher (4.4 ppt hour -1 ). This is likely an upper limit. 13 In addition to daytime source of pΣANs, nighttime chemical production may also be important. 16 The dominant reactions are typically those initiated by NO 3 and N 2 O 5 radicals, either through gas 17 phase oxidation followed by condensation, or through heterogeneous reactions on the surface of 18 existing organic aerosol. Due to cold temperatures that make gas phase reactions of NO 3 alkenes and alcohols) can give high yield of organic nitrates as condensed phase products. As 25 opposed to daytime analysis, it is difficult to directly estimate the net nocturnal pΣAN production 26 with Eq. (3) due to lack of concentration variation and difficulty in estimating the loss term. 27 However, we found that inclusion of heterogeneous production is necessary to explain the 28 nighttime concentration of pΣAN and we characterize the heterogeneous reactions in the 1 following modeling section. 2 3
Modelling the aerosol time series 4
A box model incorporating the above daytime and nighttime mechanisms was used to simulate 5 the organic nitrate content of the aerosol. 6 7 The observed ΣAN is assumed to represent the total concentration of organic nitrates produced 8 due to photochemistry as described in Lee et al., 2014 , with an effective saturation vapor pressure 9 as a tuning parameter to determine the effective partitioning based on Eq. (2). The bi-directional 10 exchange is calculated according to gas kinetic theory and detailed balance derived from the 11 saturation vapor pressure accounting for the Kelvin effect. 12 
13
For the nighttime chemistry, we introduce a new parameter, the retaining coefficient (ζ), defined 14 as the probability of reactive uptake yielding condensed phase organic nitrates given a gas 15 molecule-surface collision. This differs from the reactive uptake coefficient by excluding non-16 nitrate forming channels. The pΣAN production is calculated from gas molecule-surface collision 17 rate corrected for diffusion transport and then multiplied by ζ. The organic nitrates formed 18 through this pathway are assumed to remain in the condensed phase. 19
20
Loss of pΣANs is assumed to follow the loss of aerosols. The most important process is turbulent 21 mixing with a lifetime of ~8 hours during daytime periods. The full time series of first order loss 22 rate is calculated using tracer methods (Lee et al., 2014 ) and applied to the simulation. We used 23 HNO 3 to estimate the loss rate which gives a more realistic loss profile during the evening when 24 the boundary layer is stable. 25 26 
13
The resulting time series of predicted concentrations are shown in Fig. 6 , where the top panel 1 describes the 2 consecutive accumulation periods and the lower panel extends the simulation to 2 all observations. We find an effective saturation vapor pressure of 26 ppb for the ensemble of 3 total organic nitrate species and NO 3 reactive uptake coefficient ζ NO3 of 0.1 for the full length of 4 simulation. The model is highly correlated with the observations (slope of 0.98 and R 2 value of 5 0.72) over the 2-week period shown in the top panel of Fig. 6 . A reduced correlation with a slope 6 of 0.72 and an R 2 of 0.66 is observed for the full data (bottom panel of Fig. 6 ). This fitted 7 effective saturation vapor pressure is consistent with one calculated from the VOC speciation (28 8 ppb ΣANs). The major discrepancies in the extended simulation arise when organic aerosol mass 9 becomes more abundant in the super 0.5µm size range (up to 36% of total pΣANs), particularly 10 during the period from 12 to 21 February. It is possible that organics were present as external 11 coatings on the inorganic minerals of large size particles, leading to an enhanced surface to 12
volume ratio relative to a pure particle of the same organic mass. The result is underestimation in 13 predicted organic nitrate content due to discrepancies in the aerosol mixing state. Also, the 14 possibilities of secondary chemistry in the presence of inorganic salts cannot be ruled out. 15 
16
The ζ NO3 value of 0.1 should be interpreted as a projection of the overall reactivity onto NO 3 precursors as well as fugitive losses from oil and gas productions may account for the remaining 6 particulate nitrates. However, we point out that photochemical aging is required to achieve the 7 yield from our estimation and the above value should be interpreted as an upper limit. 8 9 The above example of particulate organic nitrate production around Bakersfield region illustrates 10 the possibility of distinct pathways responsible between daytime and nighttime periods. The 11 saturated, but much heavier alkanes will contribute during the day from OH oxidation and 12 partition more efficiently into the aerosol phase, while the more reactive but generally lighter 13 biogenic emissions may dominate nighttime production due to NO 3 The third panel in Fig. 1 shows the relative importance of total aerosol volume contributions from 3 particles above or under 500 nm size. While we have demonstrated the relative domination of 4 organic/inorganic component has a rough boundary at 500 nm, simply treating this as a cut-off 5 point will likely lead to non-negligible underestimation of organic component that exists in the 6 over 500 nm size range which contained about half of total PM 2.5 aerosol volume. We therefore 7
propose a method that utilizes our PM 2.5 pΣAN data as tracers and without assumptions made on 8 the organic content of the various aerosol size ranges. This method is based on the observation 9 that mineral dust or inorganic salts generally have higher density than organic molecules. Instead 10 of focusing on the metric of density which is not an additive parameter, specific volume (or 11 inverse density in cm 3 g -1 ) is used to factor out the inorganic component by linear combination. 12
Under the particular environment of wintertime Uintah Basin, we assume no significant aqueous 13 phase present. As mineral dust and salt are not typically soluble in organic phase, the total 14 volume of the aerosol can be treated as a linear combination of volumes from individual 15 immiscible components, such as the equations presented below: 16
In Eq. (A1), is the overall specific volume of the PM 2.5 aerosol phase, while ! and ! are 19 specific volume and mass fraction of component i in the aerosol phase, respectively. Mass 20
fractions from all aerosol components should add up to 1 (Eq. (A2)). We now name 3 21 components in the aerosol phase to be considered explicitly. ONO 2 group is for valence balance of a fully saturated molecule. The resulting representation for 1 is therefore: 2
Since it was observed that the nitrate group is a rather consistent component of the organic 4 aerosols (Fig. 3) , we expect !"! to vary with !"!!!! by a constant coefficient γ so that 5 !"! = • !"!!!! . This gives us Eq. (A4): 6
By further assuming that the specific volume of the nitrate group is the same as the CH 2 fragment 8 in a large organic molecule (subsequently called !"# ) and using the constraint from Eq. (A2) to 9 substitute for !"#$ , we arrive at Eq. (A5) which we may simplify into Eq. (A6) (or Eq. (1) in the 10 main text) by rearrangement of terms and replacing !"!!!! with !"!! , since the mass of a 11 hydrogen is small compared to the mass of a nitrooxy group. 12
We see that Eq. (A6) predicts a linear relationship between PM 2.5 specific volume and mass 15 fraction of the nitrooxy group in the aerosol phase, under conditions where the inorganic and 16 organic components have relatively constant specific mass. We demonstrate that this relation is 17 indeed observed during UBWOS 2012 in Fig. 4 . 18 
19
Appendix B: Estimation of ΣAN contribution using extrapolated VOC reactivity 20
To estimate specific contributions of organic nitrates to the aerosol formation, we traced 21 oxidation of long-chain alkanes up to the second generation RO 2 products. Consider a simple 22 alkane R, the dominant OH reaction is abstraction of hydrogen to give the first generation RO 2 23 radical which upon reaction with abundant NO during UBWOS condition leads to alkyl nitrate 24 compound R(ONO 2 ) and alkoxy radical RO of relative yield α and (1-α). For R with carbon chain 25 length over 6, the isomerization dominates the fate of RO by hydrogen abstraction within the 26 same molecule through a 6-membered ring transition state (rate constant typically >10 4 s -1 ). The 27 result is a hydroxy peroxy radical upon reaction with O 2 (second generation RO 2 ). The same NO 1 reaction proceeds to give a second generation hydroxy nitrate R(OH)(ONO 2 ) and a hydroxy 2 alkoxy radical, which may promptly react (>10 5 s -1 ) with the hydrogen on the hydroxy group 3 carbon to give a hydroxy carbonyl R(=O)(OH) which is assumed to represent the rest of the non-4 nitrate functionality under our simplification. It is also assumed that the organic nitrate yield are 5 not affected by the presence of non-neighboring OH group to give the simplified branching ratios 6 shown in Reaction (R B1) to (R B3). We then calculate the vapor pressure of each molecule 7 surrogate using group contribution method SIMPOL.1, of a given carbon chain length in the R 8 group at 273K. 9
In order to obtain a converging estimation with respect to the long-carbon chain end of the VOC 13 spectrum, it is necessary to extrapolate the contribution of heavy VOCs beyond the measurement 14 which terminates at undecane. Using a linear fit in the log space of the grouped VOC reactivity 15 with specific carbon number, we obtained an estimation shown in Eq. (B1) for the 30 January 16 accumulation period where kx is the total reactivity in unit of s -1 of alkanes with carbon number 17 n. 18
The total aerosol source of each molecule type within each carbon number class is then calculated 21 in the same way shown for the hydroxy nitrates of size n (Eq. (B2)). Note K p is the fraction of the 22 species in the aerosol phase, calculated using Eq. (2) in the main text. The total nitrate groups 23 incorporated into the aerosol phase is the calculated by summing over all carbon groups of alkyl 24 nitrates and hydroxy nitrates. Other functional groups is calculated similarity with application of 25 appropriate weightings. For example, the total CH 2 group contribution is calculated according to 26
Eq. (B3). 27 
